This report presents an investigation of composite fiber Raman amplifiers, i.e. a distributed fiber Raman amplifier followed by a discrete fiber Raman amplifier, both with incoherent pumping, compared to conventional coherent pumping. It is shown that a flatter gain and optical signal-to-noise ratio (OSNR) over 100-nm bandwidth can be achieved by using two incoherent counter-pumps, compared to using six coherent counter-pumps. Moreover, it is also found that further flatter gain and flatter OSNR over 100-nm bandwidth can be obtained simultaneously in composite fiber Raman amplifiers with bi-directional pumping. The flatness of both gain and OSNR with a ripple of 1 dB is predicted by using one incoherent co-pump and one incoherent counter-pump.
thus the tilt of noise performance will also limit the transmission. Therefore, the flatness of both gain and OSNR at the output of FRAs is preferred and should be taken into account in design of composite fiber Raman amplifiers (i.e. a distributed FRA followed by a discrete FRA). To obtain both flat gain and OSNR, a bi-directional pumping scheme was used for FRAs with coherent pump sources [17] . In this paper we show that the composite FRAs (i.e. a distributed FRA followed by a discrete FRA) using counter incoherent pumping sources can have both flatter gain and noise figure, and thus OSNR than those using multiple coherent pumping sources.
In this report, we show the investigation of Raman gain, noise figure and OSNR of composite fiber Raman amplifiers employing incoherent pumping. Our study shows the performance of the composite FRAs with incoherent pumping in gain, noise figure and OSNR flatness over 100 nm (1515 ~1615 nm).
II. Model and Numerical Results
Simulation of fiber Raman amplification is performed by numerically solving the steady-state coupled differential equations describing Raman amplifications in fibers, with the iteration method described in [18] [19] and scaled Raman gain coefficients [20] . The composite fiber Raman amplifier considered consists of a distributed FRA followed by a discrete FRA. TW-Reach fiber of 80 km is used for the distributed amplification, and dispersion-compensating fiber (DCF) of 8 km is used for the discrete amplification. The measured fiber parameters for TW-Reach and DCF are used in our simulations. The TW-Reach parameters are: fiber loss changed from 0.4 dB/km at 1262 nm to 0.2 dB/km at 1573 nm and water induced loss peak of 0.33 dB/km at 1382 nm; Rayleigh scattering coefficient changed from -33.7 dB/km at 1500 nm to -35.4 dB/km at 1620 nm, and fiber core effective area changed from 46 The Raman gain coefficient of the fiber has the peak value of 2.45 ( )
at the frequency shift of 13.05 THz, measured by using the pump wavelength of 1460 nm. There are 122 input signals, from 1515 to 1615 nm with 100-GHz channel spacing, and the input power is -2 dBm/channel. In order to obtain both flat gain and OSNR, the new design method proposed in [16] is used in this investigation. The definitions of gain and effective noise figure are the same as in [16] , where the on-off gain is used for the distributed amplification and the effective noise figure is given by
By optimizing the gain and OSNR flatness, we can find the optimal pump wavelengths and power for the considered composite fiber Raman amplifier. First we consider the composite fiber Raman amplifier with countercoherent pumping. Using six pumping lasers to pump both the distributed and discrete FRAs individually, the optimal pump wavelengths and corresponding powers can be found to achieve a flat gain, noise figure and OSNR as given in
Figs. 1(a) and (b). The total pump power for the distributed FRA is 602.7 mW, while it is 716 mW for the discrete FRA.
It is seen that more pump power is allocated in the shorter pump wavelength region for the distributed FRA, while more pump power is allocated in the longer wavelength region for the discrete FRA. This is attributed to the fact for obtaining not only flat gain but also flat OSNR [16] . If only one incoherent pump is used for each of the distributed and discrete FRAs, the optimal pump wavelengths, full-width at half magnitude (FWHM) and power are shown in Fig. 2 (a), pump power of 817 mW for the distributed FRA and 679.5 mW for the discrete FRA. Note that the pump wavelength for the distributed FRA is 1385 nm, much shorter than 1495 nm for the discrete FRA, thus resulting in flat gain and OSNR. By comparing to the case of six coherent pumps, the wavelength of 1385 nm used for the distributed FRA is shorter than 1412 nm that is the shortest pump wavelength of the six coherent pumps. This implies that the noise performance in the shorter wavelength signals by using 1385-nm incoherent pump may be better than that by using six coherent pumps. In other words, the noise figure and OSNR may be flattened by using one incoherent pump compared to multiple coherent pumps. If two incoherent pumps for each of the distributed and discrete FRAs are used, the optimal pump wavelengths, FWHM and power are shown in Fig. 2 (b). As same as the case of one incoherent pump, the shortest pump wavelength of 1390 nm for the distributed FRA is shorter than 1412 nm, the shortest pump wavelength of the six coherent pumps, and also is close to the one incoherent pump wavelength of 1385 nm. Therefore, the noise performance in the shorter wavelength signals for the FRA with two incoherent pumps should be similar to the case of one incoherent pump. Note that the optimal FWHM of the pumps for the discrete FRA is much narrower than that for the distributed FRA because the pump wavelength for the discrete FRA is longer and closer to the signals (see Fig. 2(b) ). Note if the pump trail goes to the signal band we suppose that there is an optical notch filter to remove the pump power before launched into the FRAs. Based on the optimal pumps given in Figures 1-2 , the performance comparison of the composite FRA with six coherent pumps, one incoherent pump and two incoherent pumps is shown in Fig. 3 . Fig. 3(a) shows the gain comparison, and for all three cases the average gain of 16 dB is obtained (with this gain, optical transparency is obtained). It is found that the composite FRA with six coherent pumps has the gain ripple of 1.6 dB over 100-nm bandwidth. When the composite FRA with one incoherent pump, the gain ripple is increased to 2 dB; while in the composite FRA with two incoherent pumps, the gain ripple of 1 dB is obtained, which is better than that with the six coherent pumps, and also can be considered a small ripple for the 100-nm bandwidth. Corresponding to Fig. 3(a), Figs. 3(b) and (c) show the corresponding noise figure and OSNR for the composite FRA with three different pump schemes. We see that the noise performance of the composite amplifier is improved by using even one incoherent pump: smaller and flatter noise figure, and bigger and flatter OSNR over the 100-nm bandwidth. When using two incoherent pumps, the performance of the composite FRA is further improved: flatter gain, lower noise figure and OSNR. The physical reason for improving noise performance by incoherent pumping is given as follows. The noise performance is mainly determined by the distributed FRA. Due to the counter-pumping, noise level is higher in the shorter wavelength signals because the shorter wavelength signals are closer to the pump wavelengths. It is seen from Figs. 1-2 that the pump wavelengths for the six coherent pumps are longer than that for incoherent pumps for obtaining a flat gain. As shown in [21] , noise level in the shorter signal wavelengths may be increased with incoherent pumping. In [21] gain flatness after distribute FRA is required.
However, for the composite FRAs, higher gain in the shorter signal wavelengths is required at the output of the distributed FRA. Thus the noise peak level found in [21] can be further shifted to a shorter wavelength by using further shorter wavelength pumps. For the incoherent pumps used here, the noise peak level is shifted to 1503 nm for the case of the two incoherent pumps. In addition, the gain in the shorter signal wavelengths from the six coherent pumps is slightly lower than that from the one or two incoherent pumps. Therefore, the noise performance of the composite FRA with incoherent pumping is better than that with the multiple coherent pumps. This is a new feature and advantage of incoherent pumping. Consequently, counter-pumped composite FRAs with incoherent pumping can have flatter gain and OSNR than that with multiple coherent pumping besides the advantage that the number of pumping wavelengths is reduced significantly. In order to further improve the flatness of both gain and OSNR, we now consider using bi-directional pumping scheme as in [17] for the composite FRAs with incoherent pumping. We suppose that each of the distributed and discrete
FRAs has an incoherent co-pump and an incoherent counter-pump, i.e. bi-directionally pumped. In order to get further flatter OSNR, while still having flat gain as well, the co-pumps must have shorter pump wavelengths than the counter-pumps in both the distributed and discrete FRAs. By careful optimization, we have found the optimal pumps given in Fig. 4 (a) and (b) for the distributed and discrete FRAs, respectively. Note that pump trails, which go to the signal band, are removed by an optical notch filter before coupled into the FRAs. Simulated gain, noise figure and OSNR are shown in Fig. 5(a) , (b) and (c). It is seen that both gain and OSNR are further flattened with a ripple of less than 1 dB within 100-nm bandwidth. Especially for OSNR, the flatness is better than 1-dB in Fig. 5 (c) compared to 3-dB in Fig.   3 (c). Therefore, it is concluded that a composite FRA bi-directionally pumped by two incoherent pumps (one for co-pump and the other for counter-pump) can have both flat gain and OSNR. If using coherent pumping, such flatness can be only achieved by using multiple co-pumps and counter-pumps. In order to further understand the impact of the distributed and discrete FRAs on the flatness of gain and OSNR,
We further investigate the composite FRA by varying the pump power percentage between the distributed and discrete
FRAs. For all cases, the average Raman gain is set to 16 dB. Table 1 summarizes our investigations with five different percentages. The percentage is defined as the ratio of the pump power for the distributed FRA to the total pump power.
We can see that although the pump power for the distributed and discrete FRAs varies, as long as the percentage of the pump power in the distributed and discrete FRA does not change, the OSNR is not changed. Thus, we can conclude that when the total gain is fixed, the more pump power is assigned to the distributed FRA, the higher OSNR output can be achieved. However, our investigation shows that the percentage change of pump power in the distributed and discrete FRAs does not significantly induce a big change of gain and noise figure. Fig. 6 shows the flatness change of gain, noise figure and OSNR for the ratio of 59%, 62% and 73%, respectively. It is found that the percentage from 59% to 73% results in 1-dB OSNR change, but no flatness change in gain and noise figure. It is found that the flatness of OSNR becomes worse even when the flatness of gain and noise figure is hardly changed. This is because the spectral shapes of gain and noise figure are changed even though the flatness is not changed. Because OSNR is a combined parameter of both gain and noise figure, it may be good to include OSNR flatness in design of optical amplifiers because the shape change of both gain and noise figure is taken into account by OSNR. 
III. Conclusion
We have investigated the broadband composite fiber Raman amplifiers by using incoherent pumping, with comparison to coherent pumping. By comparing Raman gain, noise figure and OSNR for composite FRAs with one incoherent pump, or two incoherent pumps to that with six coherent pumps, it has been shown that a flatter gain and OSNR over 100 nm can be achieved by using two incoherent pumps than that by using six coherent pumps. We further investigated the composite FRA with bi-directional pumping. It is found that a flat gain and OSNR with a ripple of 1 dB can be achieved by using one incoherent co-pump and counter-pump respectively. Because the number of pump wavelengths is reduced significantly, this technique would be cost-effective in practical applications.
